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BNL Irradiation and Post-Irradiation Facilities

BLIP: irradiation studies using

(a) high energy protons (66 MeV to 200 MeV) and
(b) spallation neutrons from 118 MeV protons on target. Materials for fusion
and fission reactors as well as high power accelerators (LHC, LBNE,

etc.)

Tandem Van de Graaff: irradiation facility with 28 MeV protons or
ions from an ion array up to °7Au

Isotope Extraction-Processing Facility:
An experimental area in the facility hot cells for complete macroscopic
analysis of irradiated samples

NSLS/NSLS Il Synchrotrons — X-ray diffraction
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BLIP - Working Horse of
Accelerator-based
Irradiations

04y,
BLIP Parameters 2011 RUN
Rep Rats = 667 Hz
Pulse Lenglh = 440 micro-secs
Micropulse length = S5ns
Iic r = 200.25 MH = :
hverage curent = -10smurea  Projected current in 2016 Run = 140uA !l
6 sigma beam within = 2-inch diameter
Beam Gaussian == 1 sigma = 4733 mm
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Materials linked with:

Neutrino Factory, LHC, LBNE, Next Gen Fusion/fission Reactors

Materials:

Steels, Inconel, S-Invar, Gum Metal, Ti-6Al-4V, Cu, Glidcop, W, Ta
Graphite (s), C/C composites, SIC/SIiC

Mo, Mo-GR, Cu-CD

Interfaces (Cu-Ti-Graphite, Al203-Ti6AI4V

Facilities Utilized/integrated:

200 MeV BNL Linac/BLIP, Tandem, Isotope Extraction Facility
National Synchrotron Light Source (NSLS) and NSLS Il
Center of Functional Nanomaterials

: : BROOKHEVEN
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High Energy Proton Irradiation

Material Irradiation Damage Studies for:
= Large Hadron Collider (CERN)

= Long Baseline Neutrino Experiment

= Neutrino Factory

= FRIB
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Proton Irradiation

BROOKHRVEN
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FWHM of irradiating Beam

ANSYS

R15.0
Academic

ANSYS

R15.0
Academic

5.0
-o-HA—?—o—




200 MeV Proton Irradiation
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Proton Irradiation

BROOKHRVEN
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Thermo-mechanical Analyses Supporting Proton Irradiation

I
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Proton Irradiation
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Photon Analysis and ISOTOPE Profile
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Proton Irradiation
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2016 RUN: 200 MeV Proton Irradiation
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2016 RUN: 200 MeV Proton Irradiation
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Graphite & Carbon-based Material Irradiati_

« An array of irradiation damage and post-irradiation characterization studies
have been under way at BNL for graphite and carbon-based structures

* Brookhaven has a long history in the study of nuclear graphite

* BNL accelerator complex facilities (200 MeV Linac/BLIP and Tandem
accelerator) provide proton, spallation fast neutron and ion irradiation beams)

* Macroscopic post-irradiation characterization utilizes the Isotope Extraction
Facility (hot cells, remote handling and testing)

« Microscopic post-irradiation is performed at the BNL Synchrotron facilities
(NSLS using white and monochromatic x-ray beams and now NSLS II) aided
by multi-faceted characterization at the Center of Functional Nanomaterials

Graphite & Carbon-based Materials

* Reactor-grade graphite (1G-43, 1G-430) under fast neutrons and protons

» Carbon fiber composites (2D C/C and 3D C/C) + SiC/SiC

« HP Target bound graphite (LBNE) — 4 grades (POCO, 1G-430, Carbone and R7650)
* Newly developed structures such as Mo-GR

Brookhaven Science Associates NATIONAL LABORATORY
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BNL EDXRD study on irradiated graphite revealed the
following important correlation:

Damage expressed in terms of MEASURABLE quantities
(i.e. crystal lattice changes) is achieved much faster and
at much lower FLUENCE or DPA by energetic protons
than fast neutrons.

BNL finding is set to a factor of ~10
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Titanium Alloy Irradiation/Charac—

« An array of irradiation damage and post-irradiation characterization studies
have been under way at BNL for Ti-alloys that include

* (a+ B) Ti-6Al-4V alloy
« B-titanium alloy Gum metal (Ti-21Nb-0.7Ta-2.Zr-1.20)

« Both alloys were investigated as candidates for HP targets in the Neutrino
Factory initiative

« The (a + ) Ti-6Al-4V has also been studied as a substrate of ceramic nano-
structured coatings for potentially nuclear applications (fast neutron and
elevated temperatures)

« 200 MeV protons and spallation generated fast neutrons at the BNL complex
were used for irradiation induced damage

« Macroscopic post-irradiation and EDXRD/XRD studies at the BNL
synchrotrons were employed to study microstructural changes and damage

Brookhaven Science Associates Ti aIonS-BNL-Simos NATIONAL LABORATORY
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200 MeV proton irraddiatedTi-6Al-4V
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Tensile and fracture toughness properties of unirradiated
and neutron irradiated titanium alloys
S. T€ahtinen a,*, P. Moilanen a, B.N. Singh b, D.J. Edwards c

Journal of Nuclear Materials 307-311 (2002) 416-420
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Spallation Neutron Irradiation

Brookhaven Science Associates

Irradiation damage studies from mixed spectrum
(dominated by fast neutrons)

Studies:

» Fusion Reactor Materials and Composites

» DOE-NE materials (super-alloys, ceramic and
amorphous coatings on reactor steels, etc.)
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Spallation-induced Fast Neutron Irradiation at BLIP
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Spallation-induced Fast Neutron Irradiation at BLIP

Spallation Meutron Irradiation Set-up at BLIP
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SIC/SIC Irradiation
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28 MeV Proton & Heavy ion irradiation at Tandem
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28 MeV Proton & Heavy ion irradiation at Tandem

28 MeV Tandem kradkation

cm

Brookhaven Science Associates

Recent 28 MeV proton + spallation neutron
irradiation experiment at sub-zero
temperatures at Tandem (Simos, et al)
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Irradiation at sub-zero Temp & X-ray Diffraction
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Irradiation

at sub-zero Temp & X-ray Diffraction

8000 MoGR Irradiated at Tandem
Spallation neutrons under sub-zero temperature
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What Damage Can One Achieve at Tandem?

28 MeV protons on BERYLLIUM target array
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Protons on targst

Tandem BERYLLIUM Target Array Irradiation with 28 HeV, 2 ua, 1om x 1om proton beam
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56Fe BML Tandem Ions (259

Mev: 4,63 MeV/AMU) on BERYLLIUM Target array

°Fe jon on Be target Array

0,25 T T T T 10000
0,2 i
100
0,15 < IL Tandem Ions (259 MeW: 4,63 MeM/AMU) on BERYLLIUM Target array
T T T T T 1 0.1
o1 f
= 1 i
0.05 F - 0,01
5 °r 0,01 i a :
. :I: - - = 0,001
~0,05 | - e l 8
T o000l = el 3
-0,1 - e = = - '::'-': 0.0001§
~0,15 | - - ] le-05
-0,2 . |
1 1e-06
0,25 BEFe BML Tandem Ions (259 HeV: 4,63 MeV/AMUY on BERYLLIUM Target array
2,095 2,1 ]
0,25 T T T T le-12 L L 1e~07
2.0 2.6
0.2 i 1e-14
0,15 F i
1e-16
0.1 F J
0,05 le-13
5
= o} 1e-20 2
&=
e —— ] 16-22
-0,1 F .
1e-24
-0,15 | i
~.2 i 1e-26
-0,75 1 1 1 1 1e-28
2,085 2.1 2,105 2,11 2,115 2,12 BH“OKH“‘,EN
Brookhaven Science Ass¢ NATIONAL LABORATORY

cm




BNL Post-Irradiation Facilities
Isotope Extraction and Processing Facility at BNL

Experimental Facility occupies 2 hot cells and a B 'z q
HEPA-filtered fume hood | n\, |
) 1 SEd
PIE analyses performed are: E \ Q |
ST
Stress-strain (tension, 3-point and 4-point bending) |
Thermal Expansion and annealing (extremely ’I -
sensitive dilatometer) . i P——
Thermal Conductivity (electrical resistivity) o i

Magnetic Whole probe
Ultrasonic measurements

[l

il
Il

PLUS = L
Photon spectra and isotopic analysis . T
Activity measurements _

Weight loss or gain
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BNL Post-Irradiation Facilities
Isotope Extraction and Processing Facility at BNL

Experimental Facility occupies 2 hot cells and a
HEPA-filtered fume hood

PIE analyses performed are:

Stress-strain (tension, 3-point and 4-point bending)
Thermal Expansion and annealing (extremely
sensitive dilatometer)

Thermal Conductivity (electrical resistivity)
Magnetic Whole probe

Ultrasonic measurements

PLUS

Photon spectra and isotopic analysis
Activity measurements

Weight loss or gain

BROOKHEVEN
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BNL Post-Irradiation Facilities X-ray Diffraction at NSLS Il

X-ray diffraction studies of irradiated samples

with the aid of a multi-functional experimental

stage enabling:

* Laser-induced annealing
Tension/twisting/4-point-bending

*  Exposure to different environments

«  Diamond anvil cell to be introduced in future update

oxe9 BROOKHRVEN
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BNL Post-Irradiation Facilities X-ray Diffraction at then NSLS
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Characterization Studies/Capabilities at CFN

Unirradiated samples ONLY (to-date)

Studies:

High Temperature Annealing
DSC and TGA analysis
FIB/TEM

SEM with EDS/WDS

Brookhaven Science Associates NATIONAL LABORATORY



Characterization Studies/Capabilities at CFN
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Characterization Studies/Capabilities at CFN
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Thermo-mechanical Characterization W behavior (W = WO, ) to temperatures reaching 1050 C
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Planned Experiment OBJECTIVE and CHALLENGES
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PMML ar Microscopy tenzile design be used far
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T Bie S65H Filler bar 1.5 4 123 |sweling [uw mechanic |velocity  [CTE enough faor dilatometer?
Microscop Can the bar be polished prior to
Oim Conductivit v, Micro- | Sonic irradiation ta aid microscopy and
g Be PF-E0 Filler bar 15 4 456 |sweling |u mechanic |velocity  [CTE micro-mechanics?
Terwision (4115 cm dia discs with
Microscopy [510.5 cm discs for micro-
Micra- mechanics. |z 0.5 diameter discs
3 Bie S65H Dlisc Array 0.5 3 HiBadMat | mechanics oo small for polishing?
Gaps between discs need o
Microscopy Do these need o be discs? be filled? Can they be filled
IMicro- Square shape would be easierta |with something Be-like? [but
10 Ee PF-50 Dizc Array 0.5 3 HiFiadMat [ mechanics fill gaps. easzier to machine]

1an ¢
en

3rookhz

NATIONAI

> AT R\
FOR



Planned Experiment OBJECTIVE and CHALLENGES

Capsule: 2
Tlame: Carbon
Frimary FT: FHAL
Farameter Value |Comments!Uusstions:
Peak iradiation May needinzulating
Temp Desired laver ko get to this
['C) 400 |temperature?
‘w'e understand that
Peak OP& 0,15 s probably limit
Deszired: 1 Far this duration run
Peak He desired ‘whatever ocours
| (appm): 1500 | naturally is desired
Peak H desired ‘Whatever acours
[appml: 1.500 | naturally is desired
Expected
atmasphere: S LI
Sample Sample Layer Interle ave
Layer Sample Sample | Geometry | Thickness | Number of | d with
Index Material 1 Material 2 | Tupe: [mm) samples  |Layers: PIETest1 [PIETest2 |PIETest3 |PIE Testd |PIE Test 5 | PIE Question Irradiation Question
PMMNL ar Micrascopy
POCOZSF- BML mini- Tensil= [as Grips may strip out. Does PMML
1 1o tensile 1 ) 5 Pull needed] have clamp grips 7 Geometry?
PMMNL Micrascopy
POCOZSF- BML mini- Tensil= [as ‘what temperatures can tensile
2 ag tensile 1 ) =] Pull needed) pulls be done ar?
PMMNL Micrascopy
BML mini- Tensile  [las
3 15-430 tensile 1 3 5 Full needed]
PMMNL Micrazcopy
Glaszy EML mini- Tensile [as Should these be tensile ar bend
4 Carbon tenisile 1 5 5 Pull needed] tests? |F bend, zample geometry?
I his layer may be
replaced by POCOHIG
ifC-C material is Dim Conductivit | Microzeop| Sonic Do we have this material to
unawailable ar not g C-C30 Fill=r bar q q 1234 |sweling |u y velacity CTE Bend Test?? hest?
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Planned Experiment OBJECTIVE and CHALLENGES

Capsule: 3
Mame: "5
Primary Pl CERMN
Parameter Walye | CommentsiEuestions
Feak. Irradiation

Temp Desired 000
Peak. OF A 1
Peak He desired
[appm]: 7
Freak H desired

[appm]: ?
Expected

atmosphere: s

Brookhaven Scie

Thiz layer may e
eliminated if J-PARC
request nat funded
Thiz layer may be
eliminated if
investigation of this
effect at high doze iz

niegative

Sample Sample Layer Mumber [ Inkerleae
Layer Sample Sample Geometry [ Thickness| of d with
Indey MWaterial 1 Material 2 | Type: [mm] zamples | Layers: PIE Tezt1|FIE Test 2 |PIE Test 3 PIE Test 4| PIE Test 5] PIE Question Irradiation Guestion
FRML ar Mlicroscop
BErL mini- Tensile y[as
1 Si. mono tenzile 0.5 ] ] Full necded)
PMML ar Mlicroscop
EML mini- Tensile y[as
2 Si, paly tensile 0.5 ] ] Full necded)
PMML ar Mlicroscop
EML mini- Tensile y[as
3 Si. mono tensile 0.5 ] ] Full necded)
PMML ar Mlicroscop
EML mini- Tensile y[as
4 Si, poly tensile 0.5 b b Full needed]
] Si, mono Si, paly Filler bar 2 4 1234 |Bend Bend geometry?
[ Sic Eend 1 10 Eend
SiC-5iC J-FARC request, not in proton
T COmp?? Eend 1 10 Eend budiget yet!
Can we pull outfreplace
optical absorbtionftransmigion. | capsules during ran? This may
Spectraph Who hag this? Does effect mean separate capsule
3 Sapphire Bar 0.5 n atometer zaturate at high dose? required for apphire?
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